1. Introduction {#sec0005}
===============

Iodinated contrast media (CM) are pharmaceutical substances administered for better medical imaging. CM are categorized into ionic/non-ionic and into high-, low- and iso-osmolar based on their water solubility and osmolarity, respectively \[[@bib0005]\]. Improvements in the safety profile of modern CM compared to older agents have largely been attributed to ionicity and osmolality reduction; low/iso-osmolar, non-ionic CM are preferred over high-osmolar, ionic CM \[[@bib0010], [@bib0015], [@bib0020]\]. Nevertheless, even after choosing the most suitable CM for each case, a variety of side effects may occur after exposure. CM administration exerts cytotoxic effects on renal tubular epithelial cells and promotes hemodynamic changes through renal vasoconstriction to severe renal damage and cellular apoptosis \[[@bib0025],[@bib0030]\]. CM cause renal vasoconstriction by increasing adenosine and endothelin, thus changing blood flow from the marrow to the cortex. Consequently, the renal ability to infiltrate (glomerular filtration rate \[GFR\]) is decreased \[[@bib0035],[@bib0040]\]. Reducing renal blood flow, in addition to reducing GFR, trigger the release of reactive oxygen species (ROS) through oxidative stress and osmotic necrosis induced directly by CM in tubular cells, although a direct renal oxidative stress action of CM has been challenged by in vitro studies \[[@bib0045]\]. As a result, acute necrosis of the renal tubules and renal hypoxia due to endothelial/tubular transport dysfunction are observed \[[@bib0050], [@bib0055], [@bib0060]\]. Apoptosis caused by activation of kinase stress/endogenous apoptotic pathway may be another consequence of CM administration \[[@bib0065]\].

The most common side effects after parenteral administration of CM apart from organ toxicity (with kidney being the most affected organ) \[[@bib0070]\] are hypersensitivity reactions \[[@bib0075]\]. Local side effects are attributed to extravasation but administration typically involves small volumes, and therefore it rarely results in serious injuries. Systemic side effects may occur early (\<20 min) or late (\>20 min) after administration, and may be attributed to anaphylactoid reaction or to effects due to the osmolarity/chemotoxicity of CM. Clinical reactions vary from minor, to intermediate and severe that can be life-threatening. In a recent systematic review, the incidence of immediate hypersensitivity skin reactions to CM was reported to be 0.12%--1.15% (most frequently urticaria, rashes, pruritus and limited facial edema), whereas the incidence of delayed reactions was reported to be 0.03%--10.1% (most frequently cutaneous manifestations) \[[@bib0080]\].

Contrast-induced nephropathy (CIN) is considered a reversible acute renal failure observed after the administration of CM that may exert their nephrotoxic effects through various mechanisms, including oxidative stress and apoptosis but the exact pathophysiology remains obscure and no standard diagnostic criteria apply \[[@bib0070]\]. Efforts towards the identification of novel biomarkers of CIN that more accurately detect changes in renal function, reflect kidney damage, assist monitoring, elucidate pathophysiology; and mainly towards the development of effective prevention strategies attract considerable scientific attention nowadays, representing an exciting topic of basic and clinical research given that the value of using compounds with antioxidant properties other than sodium bicarbonate remains controversial, warranting further investigation \[[@bib0070]\]. In this context, we have been extensively working during the last years by testing novel potential biomarkers of nephrotoxicity and compounds potentially preventing CIN in animal models, including various natural antioxidants and medications \[[@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115]\]. The aim of the present study was to evaluate novel biomarkers of nephrotoxicity in blood/tissue samples of a CIN animal model.

2. Experimental section {#sec0010}
=======================

Ten New Zealand white male rabbits weighting approximately 3.5 kg were used in this protocol. The animal model was based on a previous study for evaluation of CIN in rabbits \[[@bib0120]\]. After receiving ethical approval for animal experimentation \[[@bib0115]\], the present study was conducted and conformed under National and European Union Directions/Directives/Guidelines (taken into account: the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals: 2013 Edition, DIRECTIVE 2010/63/EU, The Animal Research: Reporting of In Vivo Experiments (ARRIVE) Guidelines) regarding the care and treatment of laboratory animals so as to reach the required criteria and minimize possible suffering. All procedures were followed out by veterinarians. All euthanasia procedures were done so as to exclude any non-acceptable methods.

The animals were housed in individual metal cages under a 12 h dark/light cycle and steady ambient temperature between 20 and 23 °C. Commercial rabbit pellets and drinking water were provided *ad libitum*. After an acclimatization period of one week, the animals were divided into two groups: group 1 (n = 5; CM \[iopromide\]: Ultravist® 370, Bayer Healthcare, Berlin, Germany) and group 2 (n = 5; controls: NaCl 0.9%). Before the administration of CM, animals were weighed and anesthetized by intramuscular administration of xylazine hydrochloride (Xylapan®, Vetoquinol S.A., Lure Cedex, France) at a single dose of 4 mg/kg and ketamine hydrochloride (Narketan®, Vetoquinol S.A., Lure Cedex, France) at a single dose of 40 mg/kg. An intravenous catheter was placed in a marginal ear vein for the administration of CM over a period of 30 min at a single dose of 20.3 ml/kg (768.86 mg iopromide/ml, 370 mg iodine/ml, 7.5 g iodine/kg). Blood was drawn at three distinct time points: 0 h (immediately after the administration of CM/NaCl 0.9%), 24 h and 48 h after the administration of CM/NaCl 0.9%. The animals were euthanized at 48 h post CM/ NaCl 0.9% infusion, using pentobarbital sodium (Dolethal®, Vetoquinol S.A., Lure Cedex, France) intravenously at a single dose of 5 ml/animal and both their kidneys were removed.

Blood samples were stored in collection tubes without anticoagulant. Serum was isolated after centrifugation of the samples at 4000 rpm for 10 min at 21 °C. The supernatant was stored at −20 °C until biochemical analysis (serum creatinine \[sCr\] level measurement) using an automatic biochemical analyzer (Architect c4000, Abbott, Abbott Park, Illinois, U.S.A). Standard methanolic solutions of symmetric dimethylarginine (SDMA) and asymmetric dimethylarginine (ADMA) (Sigma Aldrich, St Louis, MO, USA) were prepared in concentrations of 0, 100, 250, 500, 1000 ng/ml, and spiked serum samples were prepared in concentrations of 0, 100, 200, 400 and 600 ng/ml. Plasma was isolated from peripheral blood by centrifugation at 4000 rpm for 10 min at 9 °C and stored at −20 °C. Extraction method has been previously described \[[@bib0125]\]. In brief, 50 μl of plasma were mixed with 60 μl buffer (1 ml formic acid, 1 *g* ammonium formate and 200 ml H~2~O) and 375 μl acetonitrile. After centrifugation at 10,000 x rpm for 5 min, 20 ul of the supernatant was used. SDMA/ADMA levels were measured using liquid chromatography mass spectrometry (LC--MS) (Shimadzu LC--MS 2010 EV) with electrospray ionization (ESI) in positive mode and single quadrupole mass filter. Separation of analytes was achieved using a LC-Si Supelco column 15 cm x 4.6 mm, 3 μm (Sigma‐Aldrich, St. Louis, MO, USA). A gradient of water with 0.1% formic acid and 10 mM ammonium acetate (solvent A) and methanol-acetonitrile with 10 mM ammonium acetate 50--50 (solvent B) were selected as the mobile phase with a flow rate 0.35 ml/min. The retention time of SDMA/ADMA was 9.96 and 10.39 min, respectively. The genotoxic and cytotoxic effect of CM was investigated at 48 h post-exposure using the micronucleus (MN) assay in lymphocytes. The MN test is an oﬃcial regulatory "tool" in the European Legislation (B.12, Regulation 440/2008/EC) validated by the Organization for Economic Co-operation and Development (OECD) (OECD TG 474, 1997). Whole blood (0.5 ml) was added to 6.5 ml Ham's F-10 medium, 1.5 ml fetal calf serum, and 0.3 ml phytohemagglutinin (to stimulate cell division). Cultures were incubated at 37 °C for a period of 72 h. Cytochalasin-B (6 μg/ ml) was added 44 h after culture initiation. Cells were collected by centrifugation 72 h post incubation. A mild hypotonic solution of Ham's F-10 medium and milli-Q water (1:1, v/v) was added to the cell solution and left for 3 min at room temperature. Cells were fixed with a methanol:acetic acid solution (5:1, v/v) placed on microscope slides and stained with Giemsa \[[@bib0130], [@bib0135], [@bib0140]\]. These slides were then placed under a Nikon Eclipse E200 microscope where the bi-nucleated (BN) cells and MN can be viewed. One thousand BN cells with intact cytoplasm were scored per slide for each sample, in order to calculate MN frequency. Standard criteria were used for MN scoring \[[@bib0130],[@bib0140]\]. The cytokinesis block proliferation index (CBPI) was also calculated. CBPI was calculated by the equation: CBPI = M1 + 2M2 + 3 x (M3 + M4) / N; M1, M2, M3, M4 correspond to the number of cells with one, two, three, and four nuclei, respectively and N is the total number of cells. These parameters were calculated by counting 2000 cells to determine possible cytotoxic effects \[[@bib0140],[@bib0145]\]. Cytological examination of tissues was conducted using the touch preparation technique (TPT). Organs were cross sectioned/captured on a slide. Samples were fixed via alcohol, stained with Pap smear and observed with light microscope (20x) \[[@bib0150]\].

Outcome variables of interest (biomarkers of renal dysfunction) were treated as continuous and were tested for normality and equality of variances using the Shapiro-Wilk W test and Levene F test, respectively. They were subsequently compared between groups using one-way analysis of variance (ANOVA) or Mann-Whitney U, test as appropriate. Comparisons over time (time points: 0 h, 24 h and 48 h) was performed using repeated measures ANOVA or Friedman's non-parametric test, as appropriate. Descriptive statistics for all measured biomarkers were presented as mean (standard deviation (SD)) regardless of variable distributions for uniformity purposes. Data were analyzed using IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp. Two-tailed p \< 0.050 was considered statistically significant.

3. Results {#sec0015}
==========

Each animal in group 1 developed acute kidney injury (AKI) after CM exposure, namely CIS. None of the animals in group 2 developed CIN. Mean sCr levels increased significantly in group 1 compared to group 2 at both 24 h and 48 h time points. Mean sCr levels increased by 68.2% within 48 h in group 1; no elevation in mean sCr levels was observed within 48 h in group 2. Biochemical analysis results are summarized in [Table 1](#tbl0005){ref-type="table"}. A statistically significant elevation of both SDMA-ADMA levels was observed immediately (0 h) and 24 h after CM exposure, while the levels decreased slightly at 48 h without reaching normal values in group 1. Contrariwise, in group 2, SDMA/ADMA levels fluctuated over time within normal limits. SDMA-ADMA levels analysis results are summarized in [Table 2](#tbl0010){ref-type="table"}. A statistically significant increase in mean number of BNMN cells and MN frequency was detected in group 1 compared to group 2 (15.33 ± 0.47 vs 6.33 ± 0.94 and 16.33 ± 0.94 vs 7.33 ± 0.47), respectively. CBPI was reduced in group 1 but the difference was not statistically significant between groups (1.42 ± 0.02 vs 1.55 ± 0.01). A microscopic picture taken during BNMN cells and MN scoring process is shown in [Fig. 1](#fig0005){ref-type="fig"}. TPT revealed intense degenerative lesions, dirty substrate with intense grade inflammation, cell degeneration and abnormal uterine tubular casts as well as rubella, in both kidneys of all animals in group 1 in contrast to group 2 ([Figs. 2](#fig0010){ref-type="fig"}A-D). Contrariwise, animals in group 2 presented normal cells of the urinary tubules, glomeruli, pelvis and normal red blood cells.Table 1Biochemical analysis results.Table 1Serum Creatinine level (mg/dl)Time Interval0 h24h48hGroupsMean (SD)p value**1**0.78 (0.18)1.01 (0.12)1.27 (0.64)**0.0222**0.69 (0.33)0.75 (0.20)0.68 (0.21)0.091**p value**0.690**0.0320.008**Table 2SDMA-ADMA levels analysis results.Table 2Group 1Group 2TimeMeanSDMeanSDp value**SDMA**0 h673.7521.9126.570.9**0.049**24h773.4585.4179.8116.5**0.050**48h635.5487.5169.784.70.068**p value**0.4910.339**ADMA**0 h572.0451.890.493.5**0.048**24h533.0352.2122.995.5**0.036**48h490.1398.198.761.30.062**p value**0.8230.195Fig. 1A microscopic picture taken during the scoring process. (A) Binucleated cell with two micronuclei. (B and C) Mononucleated lymphocyte cells with present MN. According to the methods of this assay, such MN are not considered measurable.Fig. 1Fig. 2Touch preparations (right kidney): A) Group 2: juxtaglomerular region, normal; B) Group 2: medulla, normal; C) Group 1: juxtaglomerular region, apoptosis; D) Group 1: medulla, cell degeneration.Fig. 2

4. Discussion {#sec0020}
=============

CIN is a reversible form of acute renal failure that begins after and is attributed to intravascular exposure to iodinated CM during angiographic or other imaging procedures such as urography \[[@bib0070]\]. Exact pathophysiology remains obscure with several factors appearing to be implicated, including among others renal ischemia, particularly medullar; ROS formation; reduction of nitric oxide (NO) production; and tubular epithelial/vascular endothelial injury ([Fig. 3](#fig0015){ref-type="fig"}) \[[@bib0070]\]. CIN is associated with increased morbidity, hospital stay and mortality, especially in high risk-patients, who may be considered candidates for the application of prevention strategies. According to the American College of Radiology guidelines, risk factors that may warrant renal function assessment prior to intravascular iodinated CM exposure include \[[@bib0155]\]: 1) age \>60 years; 2) history of renal disease; 3) history of hypertension; 4) history of diabetes mellitus; and 5) metformin uptake. Recognition of major risk factors facilitates detection of those at increased risk for CIN and helps research efforts to evaluate the effectiveness of potential prevention strategies.Fig. 3Pathophysiology of contrast induced nephropathy (CIN) - Modified from \[[@bib0070]\].CM: contrast media, CKD: chronic kidney disease, RBF: renal blood flow, GFR: glomerular filtration rate, sCr: serum creatinine, ROS: reactive oxygen species, MN: micronuclei, BNMN: binucleated cells with micronuclei, ADMA: asymmetric dimethylarginine, SDMA: symmetric dimethylarginine.Fig. 3

CIN has been previously recognized as relative elevation of baseline sCr level (25%--50%) and/or absolute baseline increase of 0.5--2.0 mg/dl \[[@bib0155]\] that generally appears within the first 48 h after CM administration, reaching a peak within the following five days \[[@bib0160]\] but no standard diagnostic criteria exist \[[@bib0070]\]. sCr, although widely used in the past, is considered nowadays neither a real-time biomarker of changing renal function since it rises slowly relative to the amount of filtration function lost in CIN, delaying diagnosis by an average of 48--72 h; nor a sensitive/specific one for slight alterations in GFR \[[@bib0165]\]. Due to low sensitivity/specificity, sCr increase cannot differentiate CIN from generic post-contrast AKI i.e., deterioration in kidney function that occurs within 48 h after administration of iodinated CM regardless of the cause \[[@bib0155]\]. More recently, however, according to the criteria developed by the Acute Kidney Network consensus group, the diagnosis of AKI is set if within 48 h after CM exposure (or after another nephrotoxic event) one of the following occurs \[[@bib0170]\]: i) absolute sCr increase ≥0.3 mg/dl (\>26.4 μmol/l); ii) % increase in sCr ≥ 50% (≥1.5-fold above baseline); iii) urine output reduced to ≤0.5 ml/kg/h for at least 6 h.

CIN may be monitored by biomarkers reflecting kidney function changes (e.g. sCr or cystatin C and urine flowrate) or kidney damage (e.g., kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), interleukin-18, etc.) extensively reviewed elsewhere \[[@bib0070]\]. The aim of the present study was to evaluate potentially novel biomarkers in blood/tissue samples of a CIN animal model that may more accurately detect renal function changes; reflect kidney damage; assist monitoring; and elucidate pathophysiology. For this purpose, New Zealand white rabbits were used due to their susceptibility to CIN as previously described \[[@bib0120]\]. To the best of our knowledge, apart from a routine biochemical analysis (evaluation of sCr levels), the present study is the first one to investigate SDMA-ADMA levels and evaluate the genotoxic/cytotoxic effect of CM as well as a TPT-based renal cytology in a CIN animal model.

The results of biochemical analysis confirmed the validity/adequacy of our model to investigate CIN based on modern diagnostic criteria. Concretely, all animals in group 1 developed AKI after CM exposure; Acute Kidney Network consensus group criteria for AKI diagnosis were fulfilled in each case of group 1 (absolute sCr increase ≥0.3 mg/dL; and % increase in sCr ≥ 50% (≥1.5-fold above baseline) within 48 h after CM exposure) \[[@bib0170]\]. Mean sCr levels increased significantly (by 68.2%) within 48 h in group 1. Mean sCr levels did not differ significantly at 0 h between groups but increased significantly in group 1 compared to group 2 at both 24 h and 48 h time points.

SDMA-ADMA levels analysis revealed a statistically significant elevation for both, immediately (0 h)/24 h after CM exposure and a slight decrease at 48 h without reaching normal values. Therefore, it appears that CM exposure results in an immediate significant elevation of SDMA-ADMA levels that remain constantly high over time. Contrariwise, in group 2, SDMA-ADMA levels fluctuated over time within normal limits. Based on the evidence provided by the present study it is concluded, that SDMA-ADMA are absolute indicators of renal dysfunction, their levels are directly affected by CM administration and the results are observed in real time. It has been reported that SDMA-ADMA are endogenous inhibitors of NO synthesis and elevated levels indicate renal damage, leading to renal hypoxia/ischemia \[[@bib0175]\]. It has also been reported that patients with chronic kidney disease (CKD) present high SDMA-ADMA levels \[[@bib0180]\], which are usually used as biomarkers of renal dysfunction in human \[[@bib0185]\]. However, to the best of our knowledge, SDMA-ADMA levels have never been evaluated as CIN biomarkers in animal models or human studies.

The results of genotoxicity/cytotoxicity assessment indicate that CM may affect cells at DNA level. In group 1, a statistically significant increase of BNMN/MN frequency was observed compared to group 2. Chemotoxic effects of CM occur due to direct molecular toxicity and their physiological properties \[[@bib0190],[@bib0195]\]. Chromosomal damage and MN in lymphocytes of patients undergoing imaging based on CM has been demonstrated \[[@bib0200], [@bib0205], [@bib0210], [@bib0215]\]. These studies revealed that chromosomal damage and MN induction were due to two mechanisms. The first refers to induction of chromosomal damage through photoelectric interaction of radiation (X-rays) with the iodine atoms of CM, which emit photoelectrons that reach nearby cell structures. The second refers to chemical nature of CM, which may also induce chromosomal damage \[[@bib0220]\]. Finally, recent studies indicate the mutagenic effects of iodinated CM in animal models distant from the irradiated field \[[@bib0225],[@bib0230]\].

TPT cytological observations showed that the kidneys of the animals in group 2 retained normal cells in shape and size as well as normal distribution of red blood cells. On the other hand, the kidneys of the animals in group 1 presented cell lesions as a result of CM-induced ROS production, apoptosis and cell degeneration \[[@bib0235]\]. In addition to the obvious degenerative lesions, a submerged substrate with severe inflammation was also observed. Furthermore, abundant urinary tract casts are protein structures (Tamm-Horsfall protein) that precipitate inside the renal tubules, resulting in tubule damage. Therefore, casts are nephropathy markers \[[@bib0240]\]. Finally, abundance of red blood cells occurs in cases of nephropathy, where erythrocytes have an abnormal distribution \[[@bib0245]\].
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